The operation with Internal Transport Barrier (ITB) is expected as a high performance operation. ITB is utilized to improve core plasma confinement in the reversed magnetic shear. It is considered that the changes of core plasma profile by the ITB cause changes of impurity transport. In a large fusion reactor, high-Z materials will be used as plasma facing components because high loads of heat and particles concentrate there. However, high-Z impurities from these components cause large radiation loss and dilute the fuel even if the amount of impurities is small. Therefore, in this study, firstly, the ITB formation which includes the effects of the magnetic shear and perturbed profiles by the pellet injection was simulated using the Toroidal Transport Analysis Linkage code TOTAL. Secondly, we analyzed transport of the tungsten impurities using an impurity model in TOTAL code, and compared the impurity profile in the case with ITB to the one without ITB in the tokamak reactor. The impurities decreased in the ITB formation region when ITB was formed, and the outward flux of total impurity density was observed there. It can be expected that outward flux of impurities is generated by the temperature and the density gradients.
Introduction
In fusion reactors, it is difficult to control the temperature and the current distribution only by external heating and the current drive techniques, because the plasma is self-burning. Therefore, it is important to control externally the density profile of the core plasma to optimize reactor operations. For an operation, it is considered that an advanced operation scenario using reversed magnetic shear mode and higher poloidal beta mode with internal transport barrier (ITB) will be needed for confinement improvement and higher bootstrap current fraction in future reactors. It is expected that reliable operation with ITB enables an optimized operation to improve burning plasma confinement. However, in the reactor with a large fusion power output, the plasma facing components using high-Z materials will be needed because high heat loads concentrate on these regions such as the divertor plates. The chemical and physical sputtering processes on these components yield impurities into the core plasma. The high-Z impurity ions tend to accumulate in the plasma core due to inwardly directed drift velocities caused by neo-classical convection, cause large radiation loss and dilute the fuel even with a small amount of impurities.
The transport simulations have been carried out focusing on the ITB formation in tokamak and helical plasmas. The ITB model based on Bohm and GyroBohm-like trans- port with E × B shear flow effects has already been compared with the JET experimental ITB in tokamak systems [1] and in helical system compared with LHD [2] . This model is introduced into the toroidal transport linkage TO-TAL code [3, 4] , and is applied to the 1-dimensional (1-D) ITB formation simulation of 2-D equilibrium for tokamk plasmas and 3-D equilibrium for helical plasmas. Section 2 will describe the details of the core and impurity transport models and pellet injection model included in the TOTAL code, and simulation results will be shown in section 3. The conclusion will be given in section 4.
Numerical Model

Transport model description
The Bohm and GyroBohm mixed transport model with the E× B shear flow effect has already been compared with the helical and tokamak experimental ITBs [1, 2] . The most widely accepted explanation for the ITB formation relies on the suppression of ITG turbulence due to E × B shear flow. The suppression of the turbulence might occur when the E × B flow shearing rate ω E×B exceeds the ITG linear growth rate γ ITG .The shearing rate ω E×B is defined as [5, 6] 
where E r , B θ and B φ are the radial electric field, the poloidal and toroidal magnetic field, respectively. In tokamaks, the radial electric field E r is not easily measured di-rectly, so that E r can be calculated from the plasma radial force balance equation. The ITG growth rate γ ITG is defined as [7] 
where
and s is the magnetic shear. Thermal diffusion coefficient χ is described in the form
where stabilization factor F(ω E×B /γ ITG ) is defined using the ratio of ω E×B and γ ITG as
The coefficient χ neoclassical is the neoclassical part of thermal diffusion coefficient, and χ anomalous is the anomalous part described as the Bohm and GyroBohm mixed transport model [8] . And particle diffusion coefficient D is assumed as D = χ e,i /C ano , in this paper C ano = 3, τ = 2.0, and γ = 4.0 in tokamak, and τ = 15.0, and γ = 2.0 in helical case. The parameters are determined by a comparison with the experimental data of JT-60U and LHD [8] [9] [10] . Two typical JT-60U parameters in Table 1 are shown in the positive magnetic shear case and the reversed case for ion temperature profile simulation.
Pellet injection
The pellet injection is described as the process of the pellet ablation. We used here the most popular one: the neutral gas shielding (NGS) model [11] . This ablation rate by the scaling is described as 
where n e , T e , r p , M i and V p are electron density, electron temperature, pellet radius, particle mass in pellet and injection velocity, respectively.
Impurity model
We examined high-Z impurities with a model for impurities in TOTAL; the multi-species dynamic impurity code IMPDYN [12] was used to model the ionization Table 1 Typical machine and reactor parameters. states, and the NCLASS code [13] was used for the full neoclassical transport of each charge state considering arbitrary aspect ratio and collisionality.
For the impurity dynamics [14, 15] , the rate equation and transport equation are solved using IMPDYN code [12] coupled with the ADPAK atomic physics package [16] , which are described as
with ionization rate γ k , recombination rate α k , and particle source term S k . Here, a constant anomalous diffusion coefficient D k and simply modeled inward velocity V k = V(a)(r/a) are used for impurity anomalous transport (V k < 0 corresponds to inward velocity). The main fuel neutrals are calculated by the AURORA Monte Carlo code [17] . The neoclassical impurity flux in tokamak is expressed by
where several coefficients g are calculated using the NCLASS code.
In the simulation, the impurity source was defined as the impurity neutral flux on the plasma boundary. The neutral impurity density profile n 0 (ρ) is assumed to be
derived from
Here, Γ 0 (1) is the neutral impurity flux at the plasma boundary (ρ = 1), and v 0 is the neutral impurity inward velocity (assuming an energy of 10 eV). The symbols γ 0 and n e are the ionization coefficient and electron density near the plasma boundary, respectively.
To clarify the effect of impurity ions, stationary state burning plasma condition were established without impurities. Then, a continuous neutral impurity influx was introduced, and after a transient phase, the system settled into a new radiation-enhanced stationary state.
Simulation Results
The ITB formation
the shear flow ω E×B grows in the reversed shear region, the stabilization requirement ω E×B > γ ITG can be satisfied, which leads to the reduction of transport coefficients. Figure 1 shows the radial profiles of the stationary state in these operations with pellet injection (penetration length: r/a ∼ 0.4). In Fig. 1, (a) shows the positive magnetic shear case without ITB, and (b) is the reversed case with ITB. The electron temperature, density and thermal diffusion coefficient are compared.
ITB is formed in the reversed magnetic shear, however it is not formed in the positive magnetic shear. It is considered that the ITB is formed easily in the reversed magnetic shear because the instability term (ITG linear growth rate) becomes small on the condition that the magnetic shear becomes small and stabilization occurs in this model. The pellet injection from the outer midplane also contributes this stabilization, because it causes the density gradient and the electric field gradient locally in the core plasma. This large electric field gradient increases the stable term ω E×B . Therefore, it is considered that the control of ITB formation by the external actuator such as the pellet injection is important.
In the present model, the positive or negative q-profile is a priori assumed. Actually the external current drive and the bootstrap current profiles should be considered selfconsistently. We neglect these issues in the present simulation. It should be also noted that the pellet injection is assumed as a continuous fueling model, not a discrete model.
In the helical case, HR-1 parameters in Table 1 are used. HR-1 reactor is designed based on LHD by the Physics-Engineering-Cost (PEC) code [18] , which has 1 GW electric power. Figure 2 shows the radial profiles of this simulation result with pellet injection (penetration length: r/a ∼ 0.2). The ITB formation was also confirmed in a helical reactor.
Transport analysis of impurities in the presence of ITB
Impurities (tungsten) were added, and the transport analysis of impurities was done using the ITER parameter shown in the Table 1 . For core plasma simulation in this analysis, the thermal diffusion coefficient of plasma was based on the model fitted with JT-60U experimental results as shown in Section 2.1. Here, impurity ion temperature is assumed to be the same as bulk ion temperature. Tungsten impurities were given as the neutral fluxes 10 18 m −2 s −1 from the separatrix. Figure 3 shows the time evolution of the fusion power, heating power and average electron temperature in this operation. Impurities were added at 100 s in the stationary state. Then, the outputs decrease temporarily, and they become stationary state again. This stationary state is discussed in this section. Figure 4 shows the radial profiles of the core plasma and tungsten impurity density at the 160 s in Fig. 3 . The core plasma profiles (electron density, temperature and thermal diffusion coefficient) are shown in (a) and (b), the tungsten density profiles of each ion and their summation denoted as "total" in this figures are shown in (c) and (d). Left figures: (a) and (c) are the cases of operation without ITB, and right figures are the cases with ITB. In the present model, the ITB formation is determined roughly by Fig. 2 The radial profiles in the stationary state in helical case.
Left figure shows profiles of radial electric field, electron density, temperature and thermal diffusion. showing time-evolutions of alpha heating power P a , external heating power P RF , radiation power P rad , average electron temperature T e and average electron density N e . ω E×B > γ ITG . The time-evolution of the criterion parameter depends on magnetic shear and local density gradient induced by the pellet injection. Here we assumed typical core transport coefficient without or with ITB to clarify impurity ion dynamics. In these results, the change in the radial profile of high Z impurities (tungsten) was observed in the presence of ITB. The impurities decreased in the ITB region when ITB was formed, and the outward flux of total impurity density was observed there (but, each-Z-state impurity has inward or outward flux so that their summation is outward). It is considered that this caused by thermal and density gradients of the back ground plasma. These gradients cause the decrease of inward velocity and the change of the tungsten impurity density profile in the ITB region, because the particle fluxes based on the neoclassical theory in the transport equation depend on the temperature and density gradients in this impurity transport model.
In this ITER simulation, the impurity radiation effect is not so serious, because the radiation loss effect is localized to the outer region and the central plasma is sustained by alpha and external heating powers. However, the accumulation of impurities was observed in the center in both cases, which is significant problem in the future reactor. Figure 5 shows the result in the case the anomalous term in the impurity transport equation is changed. In this simulation, the neoclassical diffusion coefficient was about 0.5 m 2 s −1 so that we gave D k ∼ 0.5, 1.0, 1.5 m 2 s −1 uniformly as the anomalous term, respectively. When anomalous term was large, impurity profiles was close to flat, and the change in the ITB region become small. It is because the neoclassical diffusion term was small and the anomalous term did not depend on the thermal and density gradients. In these cases, the accumulation of impurities in the center was also observed.
Conclusion
The effect of the magnetic shear and pellet injection on the ITB formation was simulated. The utility of the ITB formation with the density control by the pellet injection was shown. Then, tungsten impurity transport was analyzed in the presence of ITB. The change of impurity transport was observed in the presence of ITB, and the decrease of impurities could be confirmed in the ITB formation region. However, the significant change did not appear in the impurity density accumulated in the center. In the case that ITB is formed, it can be expected that outward flux of impurities is generated by the temperature and the density gradient.
The impurity transport in a helical reactor is under analysis now.
